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Overview

Formation of (particle?) Dark 
Matter Spikes around PBHs

Formation of Spikes of PBHs around PBHs?

Signatures (hints?) in Low-mass 
X-ray Binaries (LMXBs)

Gravitational Wave Signatures 
of DM around PBHs
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DM Spikes around PBHs
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Dark Matter Spikes
‘Spikes’ or ‘dresses’ of cold, particle-

like DM may form around BHs: 

“Astrophysical scenario”

[astro-ph/9906391, astro-ph/0509565, 
1305.2619, …]

From the slow (‘adiabatic’) growth of 
a BH at the centre of a DM halo

“PBH scenario”
[Bertschinger  (1985), astro-ph/0608642, 

1901.08528, …]

Around BHs which form from large 
density fluctuations in the early 

Universe (i.e. Primordial Black Holes)

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/1901.08528
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Dark Matter around PBHs

High redshift (early time)

large background density low background density

Low redshift (later time)

Primordial Black Holes (PBHs) seed the formation of DM spikes:

[Bertschinger  (1985), Mack et al., astro-ph/0608642,  
Ricotti, 0706.0864, Sten Delos et al., 1712.05421,  

Adamek et al., 1901.08528, Boudaud et al., 2106.07480, …]

https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1712.05421
https://arxiv.org/abs/1901.08528
https://arxiv.org/abs/2106.07480
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Dark Matter Turn-around
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[Bertschinger  (1985), Mack et al., astro-ph/0608642,  
Ricotti, 0706.0864, Sten Delos et al., 1712.05421,  

Adamek et al., 1901.08528, Boudaud et al., 2106.07480, …]

At the moment of turn-around, the density of the shell is ρta(r) ≃ ρ(tta(r)) ∼ r−9/4

Follow the turn-around of shells of DM at different radii:      ··r =
··a
a

r −
GMBH

r2
⇒ ata ∝ r3/4

https://arxiv.org/abs/2304.05892
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1712.05421
https://arxiv.org/abs/1901.08528
https://arxiv.org/abs/2106.07480
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Dark Matter Spikes

3

Consider thermal DM: they typically possess enough angular 
momentum to enter stable orbits around the central PBH and 
avoid capture 

The density profile will depend on the distribution of orbital 
parameters, the velocity distribution (Maxwell-Boltzmann) and 
density at turnaround: 

After ~free-fall time, a stable DM spike with  is 
formed around the PBH

ρ(r) ∼ r−9/4

ρ(r) r2 ∝ ∫ drta r2
ta ρta ∫ d3v f(v) ×  all possible orbits

[e.g. Eroshenko, 1607.00612]

https://arxiv.org/abs/1607.00612
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Complications
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<latexit sha1_base64="b1hcuAveNYXB3vPQUSlIj5K/R1I="></latexit>

⇢DM, local ⇠ 10�2 M�/pc
3

1 M⊙/pc3 ≈ 10−22 g/cm3

[Ireland, 2406.07624] 

Self-Annihilation? Kinetic Decoupling?

[Eroshenko, 1607.00612]
[e.g. Bertone et al. (including BJK), 1905.01238,  
Lacki & Beacom, 1003.3466, Carr et al., 2011.01930]

https://arxiv.org/abs/2406.07624
https://arxiv.org/abs/1607.00612
https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/1003.3466
https://arxiv.org/abs/2011.01930
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Gravitational Waves

In collaboration with 
Gianfranco Bertone, Theophanes Karydas, Francesca Scarcella, 

Pippa Cole, Roberto Caiozzo, Adam Coogan, Daniele Gaggero,…
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Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870; 
Karydas et al. (including BJK), 2402.13053]

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
https://arxiv.org/abs/2402.13053
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Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870; 
Karydas et al. (including BJK), 2402.13053]
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<latexit sha1_base64="utzPjDrd2uw10Rja94INBRDATt0="></latexit>

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
https://arxiv.org/abs/2402.13053
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Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870; 
Karydas et al. (including BJK), 2402.13053]
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<latexit sha1_base64="utzPjDrd2uw10Rja94INBRDATt0="></latexit>

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

<latexit sha1_base64="EA8OtJxEth7fy/tVnUZWMaTZO2g="></latexit>

ĖDF ⇠ 4⇡G2m2
2⇢DM(r)⇠(v)

v
ln⇤

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
https://arxiv.org/abs/2402.13053
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Gravitational Wave Inspiral

Evolution of the GW strain  and frequency  is driven by the evolution of the orbital radius h(t) fGW(t) r(t)

fGW = 2 forb

Assuming quasi-circular orbit, we can relate the radius to the orbital energy: Eorb = − Gm1m2/(2r)

− ·Eorb = ·EGW + ·EDF(ρDM) Eorb(t) → r(t) → fGW(t)
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Gravitational Wave Inspiral

Evolution of the GW strain  and frequency  is driven by the evolution of the orbital radius h(t) fGW(t) r(t)

fGW = 2 forb

Assuming quasi-circular orbit, we can relate the radius to the orbital energy: Eorb = − Gm1m2/(2r)

− ·Eorb = ·EGW + ·EDF(ρDM)

Feedback: Energy extracted from the binary is injected into the DM spike! This can substantially 
reduce the DM density and thus reduce the size of the dephasing effect. 

·ρDM(r) = ∫ ·fDM(r, v) d3v

Eorb(t) → r(t) → fGW(t)
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GW Sensitivities and Signals [Cole, Coogan, BJK & Bertone, 2207.07576]

https://arxiv.org/abs/2207.07576
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Dressed PBHs

<latexit sha1_base64="4tQLHmBRIhVs9/+r1B700v6J7h0=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZ8bUs6sKVVLAP6AxDJs20oUlmSDJCGerGX3HjQhG3/oU7/8ZMOwttPRA4nHPvzb0nTBhV2nG+rdLC4tLySnm1sra+sbllb++0VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g6HV7nffiBS0Vjc61FCfI76gkYUI22kwN7zrgnTCN4GHkd6IHmGR5gRNQ7sqlNzJoDzxC1IFRRoBPaX14txyonQmCGluq6TaD9DUlMzcFzxUkUShIeoT7qGCsSJ8rPJBWN4aJQejGJpntBwov7uyBBXasRDU5mvqWa9XPzP66Y6uvAzKpJUE4GnH0UpgzqGeRywRyXBmo0MQVhSsyvEAyQR1ia0ignBnT15nrSOa+5Z7fTupFq/LOIog31wAI6AC85BHdyABmgCDB7BM3gFb9aT9WK9Wx/T0pJV9OyCP7A+fwC4tZcY</latexit>

�Ncycles

<latexit sha1_base64="H6UBLG8i2z6zUV0WJAAll1DP8j4=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGMQ9IljA7mU2GzM4uM71CWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHjy3X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGNT8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtC6q3nX16v6yUq/lcRThBE7hHDy4gTrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD+iwjO8=</latexit>
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103

In vacuum, expect ~  GW cycles during a one year observation. But with a DM spike:107

<latexit sha1_base64="ZpeMfF84SkaLupPsqQ4uE0hN6Wo=">AAACDXicbVDLSgMxFM3UV62vqks3wSq0UMtMfW6Eohs3QgX7gE4dMmmmDU0mQ5IRytAfcOOvuHGhiFv37vwb08dCqwcuHM65l3vv8SNGlbbtLys1N7+wuJRezqysrq1vZDe36krEEpMaFkzIpo8UYTQkNU01I81IEsR9Rhp+/3LkN+6JVFSEt3oQkTZH3ZAGFCNtJC+7l+eeU4TcKxfgOcw7RbcIHfsuOTgcFtziteeKjtBeNmeX7DHgX+JMSQ5MUfWyn25H4JiTUGOGlGo5dqTbCZKaYkaGGTdWJEK4j7qkZWiIOFHtZPzNEO4bpQMDIU2FGo7VnxMJ4koNuG86OdI9NeuNxP+8VqyDs3ZCwyjWJMSTRUHMoBZwFA3sUEmwZgNDEJbU3ApxD0mEtQkwY0JwZl/+S+rlknNSOr45ylUupnGkwQ7YBXnggFNQAVegCmoAgwfwBF7Aq/VoPVtv1vukNWVNZ7bBL1gf3yvVl+U=</latexit>

(m1,m2) = (1, 10�3)M�
Consider now a binary of sub-solar mass PBHs, 
observed with future ground-based detectors:

[Cole, Coogan, BJK & Bertone, 2207.07576]

https://arxiv.org/abs/2207.07576
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Measuring the DM Spike

<latexit sha1_base64="qJKD9ZPoWPgYiTh6+QSnpfOXZDQ=">AAAB+3icbVDLSsNAFJ34rPVV69JNsAiuSiK+lkU3LivYBzQh3Ewn7dCZSZiZiCXkV9y4UMStP+LOv3HSZqGtBwYO59zLPXPChFGlHefbWlldW9/YrGxVt3d29/ZrB/WuilOJSQfHLJb9EBRhVJCOppqRfiIJ8JCRXji5LfzeI5GKxuJBTxPicxgJGlEM2khBre6NgHMIPA56LHmmkjyoNZymM4O9TNySNFCJdlD78oYxTjkRGjNQauA6ifYzkJpiRvKqlyqSAJ7AiAwMFcCJ8rNZ9tw+McrQjmJpntD2TP29kQFXaspDM1lEVIteIf7nDVIdXfsZFUmqicDzQ1HKbB3bRRH2kEqCNZsaAlhSk9XGY5CAtamrakpwF7+8TLpnTfeyeXF/3mjdlHVU0BE6RqfIRVeohe5QG3UQRk/oGb2iNyu3Xqx362M+umKVO4foD6zPH7jKlOc=</latexit>�sp

<latexit sha1_base64="pmi1vwCeGHVDOKEqbPJRMgizScs="></latexit>

⇢DM(r) = ⇢6

✓
r

10�6 pc

◆��sp

Distinguishable from other environmental effects (baryons, light bosonic fields, …)!
[Cole et al. (including BJK), 2211.01362]

<latexit sha1_base64="ZpeMfF84SkaLupPsqQ4uE0hN6Wo=">AAACDXicbVDLSgMxFM3UV62vqks3wSq0UMtMfW6Eohs3QgX7gE4dMmmmDU0mQ5IRytAfcOOvuHGhiFv37vwb08dCqwcuHM65l3vv8SNGlbbtLys1N7+wuJRezqysrq1vZDe36krEEpMaFkzIpo8UYTQkNU01I81IEsR9Rhp+/3LkN+6JVFSEt3oQkTZH3ZAGFCNtJC+7l+eeU4TcKxfgOcw7RbcIHfsuOTgcFtziteeKjtBeNmeX7DHgX+JMSQ5MUfWyn25H4JiTUGOGlGo5dqTbCZKaYkaGGTdWJEK4j7qkZWiIOFHtZPzNEO4bpQMDIU2FGo7VnxMJ4koNuG86OdI9NeuNxP+8VqyDs3ZCwyjWJMSTRUHMoBZwFA3sUEmwZgNDEJbU3ApxD0mEtQkwY0JwZl/+S+rlknNSOr45ylUupnGkwQ7YBXnggFNQAVegCmoAgwfwBF7Aq/VoPVtv1vukNWVNZ7bBL1gf3yvVl+U=</latexit>

(m1,m2) = (1, 10�3)M�

[Cole et al. (including BJK), 2207.07576]

with Einstein Telescope

Expect DM spike properties 
to be measurable with ~1 

week of observation!

Thinking about how to perform these searches for environmental effects with upcoming LVK + future detectors…

https://arxiv.org/abs/2211.01362
https://arxiv.org/abs/2207.07576
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Hints in LMXBs?

In collaboration with 
Francesca Scarcella 

 
arXiv:2510.11635

https://arxiv.org/abs/2510.11635
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Low-mass Black-hole X-ray Binaries (LMXBs)

M ∼ 5 − 10 M⊙

m ∼ 0.1 − 0.9 M⊙

 r ∼ 10−2 AU ∼ 10−6 pc

20 observed 

1 kpc from Sun 

Period few hours  

∼

∼

P ∼

Chandra Observations of XTE J1118+480  
[McClintock et al., astro-ph/0103051]

The period of LMXBs changes (very) slowly as 
they inspiral due to gravitational wave emission 
and other mechanisms such as mass transfer or 
magnetic braking.

https://arxiv.org/abs/astro-ph/0103051
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Observations

~10x larger than 
 expected!

~10x larger than 
 expected!

~100x larger than 
 expected!

[Scarcella & BJK, 2510.11635]

[González Hernández et al., 1311.5412, 1609.02961, van Grunsven et al., 1708.08209] 

Three LMXBs have measured period decay rates,   all three anomalously large!·P →

https://arxiv.org/abs/2510.11635
https://arxiv.org/abs/1311.5412
https://arxiv.org/abs/1609.02961
https://arxiv.org/abs/1708.08209
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Constraints on the DM spike profile

·P ∝ −
M⋆

MBH
P2 ρDM

100

105

1010

1015

1020

D
ar

k
M

at
te

r
d
en

si
ty

[G
eV

cm
°

3
]

10°9 10°7 10°5 10°3 10°1 101

Radius [pc]

10°25

10°20

10°15

10°10

10°5

100

D
ar

k
M

at
te

r
d
en

si
ty

[g
cm

°
3
]

Background density

∞ = 1

∞ = 1.6

∞ =
1.8

∞ =
2

∞ =
2.2

∞
=

2.4

System A

System B

System C

ρDM(r) ∝ r−γ

(Naively?) interpret the 
anomalous  as arising from 
dynamical friction due to a DM 
spike:

·P
Expected DM density around PBH



20

Constraints on the DM spike profile
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[Chan & Lee, 2212.05664]

ρDM(r) ∝ r−γ

(Naively?) interpret the 
anomalous  as arising from 
dynamical friction due to a DM 
spike:

·P
Expected DM density around PBH

https://arxiv.org/abs/2212.05664
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Constraints on the DM spike profile
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Simulations with NbodyIMRI
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Simulate each of the 3 LMXB systems with NbodyIMRI:

Newtonian N-body solver tailored to DM 
spikes.  
 
 
 
 
 
 

 
Neglect GW emission and ignore DM-DM 
interparticle forces.  

Focus on understanding co-evolution of spike 
and binary.

[Code here: github.com/bradkav/NbodyIMRI]
[BJK et al., 2402.13762]

[Scarcella & BJK, 2510.11635]

https://github.com/bradkav/NbodyIMRI
https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2510.11635
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Estimating the rate of decay ·P(γ)

Estimate derivative ·P = ⟨ΔP/Δt⟩1000 orbits
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Decay of the orbital period slows with time 
due to depletion of the spike:

[Scarcella & BJK, 2510.11635]

https://arxiv.org/abs/2510.11635
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Constraints on the DM spike profile
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(Naively?) interpret the 
anomalous  as arising from 
dynamical friction due to a DM 
spike:

·P
Expected DM density around PBH

ρDM(r) ∝ r−γ

[Scarcella & BJK, 2510.11635]

https://arxiv.org/abs/2510.11635
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Constraints on the DM spike profile

·P ∝ −
M⋆

MBH
P2 ρDM

ρDM(r) ∝ r−γ

(Naively?) interpret the 
anomalous  as arising from 
dynamical friction due to a DM 
spike:

·P
Expected DM density around PBH

[Scarcella & BJK, 2510.11635]

Depletion means that the ‘initial’ 
DM density must have been 
many orders of magnitude 
larger…

https://arxiv.org/abs/2510.11635
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Compatibility with PBHs?

[Ireland, 2406.07624] 

Inferred  from ρDM
·P

Effects of Depletion

[Scarcella & BJK, 2510.11635]

Depletion over  years?105 − 106Effects of kinetic decoupling?

Measured ·P

https://arxiv.org/abs/2406.07624
https://arxiv.org/abs/2510.11635
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Swallowed Spikes?

In collaboration with 
Agnese Tolino, Francesca Scarcella, 

V. De Romeri and D. Gaggero 
 

arXiv:2606.25031 

https://arxiv.org/abs/2606.25031
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PBH Constraints
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 2007.10722]

[Other reviews: 1801.05235,  
2002.12778, 2006.02838]

http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/1801.05235
https://arxiv.org/abs/2002.12778
https://arxiv.org/abs/2006.02838
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Spikes made of PBHs?

Instead of particle DM, we consider a population of light PBHs (lPBHs), with masses 
, around a central heavy (hPBH) PBH,  (QCD + SMBH seeds) m ∈ [10−16,10−5] M⊙ M ∈ [1,103] M⊙

[Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

PBHs are not expected to be born with significant peculiar 
velocities, so the light PBHs may be captured! 

Can a spike made of PBHs form at all? 

This would require sufficient torques  on the lPBH-hPBH 
system. 

The accumulated angular momentum 

must exceed the threshold for capture, . 

τ

ℓmin = 4GM/c

https://arxiv.org/abs/2606.25031
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Sources of Torque

Light-light PBH Interactions

Light PBH capture  
by heavy PBH

External torques due to  
distant heavy PBHs

External torques due to  
large scale density perturbation

[Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

https://arxiv.org/abs/2606.25031
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Swallowed PBH Spikes [Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

Assuming that the light PBHs make up ~all of the DM:

White regions are swallowed by the central PBH of mass M

https://arxiv.org/abs/2606.25031
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Swallowed PBH Spikes [Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

White regions are swallowed by the central PBH of mass M

Saturating the light PBH abundance based on current (microlensing/evaporation) constraints:

https://arxiv.org/abs/2606.25031
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Swallowed PBH Spikes [Tolino, Scarcella, BJK, De Romeri & Gaggero, 2606.25031]

White regions are swallowed by the central PBH of mass M

Saturating the light PBH abundance based on current (microlensing/evaporation) constraints:

<1 % of the spike mass is 
swallowed 

But this is the central region 
( ), where some of the 
most interesting signals arise! 

Still need to understand the 
subsequent dynamics and 
determine the ‘final’ spike 

density profile…

r < 108 rs

https://arxiv.org/abs/2606.25031
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Conclusions

If near-future GW observatories detect PBH 
mergers, they should also be able to detect and 
characterize the DM spikes around them

Similar processes could also lead to signatures in 
LMXBs, but modeling and interpreting these things 
is not trivial

This is not limited to particle-like DM, and we’re 
making progress in understanding PBH spikes 
around PBHs (and their signatures)

<latexit sha1_base64="ZpeMfF84SkaLupPsqQ4uE0hN6Wo=">AAACDXicbVDLSgMxFM3UV62vqks3wSq0UMtMfW6Eohs3QgX7gE4dMmmmDU0mQ5IRytAfcOOvuHGhiFv37vwb08dCqwcuHM65l3vv8SNGlbbtLys1N7+wuJRezqysrq1vZDe36krEEpMaFkzIpo8UYTQkNU01I81IEsR9Rhp+/3LkN+6JVFSEt3oQkTZH3ZAGFCNtJC+7l+eeU4TcKxfgOcw7RbcIHfsuOTgcFtziteeKjtBeNmeX7DHgX+JMSQ5MUfWyn25H4JiTUGOGlGo5dqTbCZKaYkaGGTdWJEK4j7qkZWiIOFHtZPzNEO4bpQMDIU2FGo7VnxMJ4koNuG86OdI9NeuNxP+8VqyDs3ZCwyjWJMSTRUHMoBZwFA3sUEmwZgNDEJbU3ApxD0mEtQkwY0JwZl/+S+rlknNSOr45ylUupnGkwQ7YBXnggFNQAVegCmoAgwfwBF7Aq/VoPVtv1vukNWVNZ7bBL1gf3yvVl+U=</latexit>

(m1,m2) = (1, 10�3)M�
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Conclusions

If near-future GW observatories detect PBH 
mergers, they should also be able to detect and 
characterize the DM spikes around them

Similar processes could also lead to signatures in 
LMXBs, but modeling and interpreting these things 
is not trivial

This is not limited to particle-like DM, and we’re 
making progress in understanding PBH spikes 
around PBHs (and their signatures)

<latexit sha1_base64="ZpeMfF84SkaLupPsqQ4uE0hN6Wo=">AAACDXicbVDLSgMxFM3UV62vqks3wSq0UMtMfW6Eohs3QgX7gE4dMmmmDU0mQ5IRytAfcOOvuHGhiFv37vwb08dCqwcuHM65l3vv8SNGlbbtLys1N7+wuJRezqysrq1vZDe36krEEpMaFkzIpo8UYTQkNU01I81IEsR9Rhp+/3LkN+6JVFSEt3oQkTZH3ZAGFCNtJC+7l+eeU4TcKxfgOcw7RbcIHfsuOTgcFtziteeKjtBeNmeX7DHgX+JMSQ5MUfWyn25H4JiTUGOGlGo5dqTbCZKaYkaGGTdWJEK4j7qkZWiIOFHtZPzNEO4bpQMDIU2FGo7VnxMJ4koNuG86OdI9NeuNxP+8VqyDs3ZCwyjWJMSTRUHMoBZwFA3sUEmwZgNDEJbU3ApxD0mEtQkwY0JwZl/+S+rlknNSOr45ylUupnGkwQ7YBXnggFNQAVegCmoAgwfwBF7Aq/VoPVtv1vukNWVNZ7bBL1gf3yvVl+U=</latexit>

(m1,m2) = (1, 10�3)M�

Thank you!
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Backup Slides
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Adiabatic Growth

• BH grows by gas accretion from an infinitesimal 
seed, at the centre of an NFW DM halo 

• DM density can be enhanced within the ‘spike radius’ 
, comparable to the sphere of influence of the BH 

 

• Adiabatic: Timescale for growth is much longer than 
the dynamical timescale of the DM

rsp

[Gondolo & Silk, astro-ph/9906391; Sadeghian et al., 1305.2619]

BH

<latexit sha1_base64="VDr1RcJETO20g3Y8afHp0/yhe2c="></latexit>

⇢DM = ⇢sp
⇣ rsp

r

⌘�sp

NFW

<latexit sha1_base64="x1yFdaBiTzQJgLGissxuelAQbFY=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkoiUt0IpW66ESrYBzQxTCbTdugkE2YmQgldufFX3LhQxK3f4M6/cdJmoa0HLhzOuZd77/FjRqWyrG+jsLS8srpWXC9tbG5t75i7e23JE4FJC3PGRddHkjAakZaiipFuLAgKfUY6/ug68zsPREjKozs1jokbokFE+xQjpSXPPLzxnBCpoQjTemMCr6Bt3VedU63ygCvPLFsVawq4SOyclEGOpmd+OQHHSUgihRmSsmdbsXJTJBTFjExKTiJJjPAIDUhP0wiFRLrp9I0JPNZKAPtc6IoUnKq/J1IUSjkOfd2ZnSznvUz8z+slqn/ppjSKE0UiPFvUTxhUHGaZwIAKghUba4KwoPpWiIdIIKx0ciUdgj3/8iJpn1XsaqV6e16u1fM4iuAAHIETYIMLUAMN0AQtgMEjeAav4M14Ml6Md+Nj1low8pl98AfG5w8doJej</latexit>

MBH = 106 M�

<latexit sha1_base64="dzKOyb+72326J5tiWlYFGtyrfbo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkoiUl0W3bisaB/QhDCZTtuhk0mYmRRK6J+4caGIW//EnX/jpM1CWw8MHM65l3vmhAlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSWiLxDyW3RArypmgLc00p91EUhyFnHbC8V3udyZUKhaLJz1NqB/hoWADRrA2UmDbruNdyMCLsB7JKHucBXbVqTlzoFXiFqQKBZqB/eX1Y5JGVGjCsVI910m0n2GpGeF0VvFSRRNMxnhIe4YKHFHlZ/PkM3RmlD4axNI8odFc/b2R4UipaRSayTyhWvZy8T+vl+rBjZ8xkaSaCrI4NEg50jHKa0B9JinRfGoIJpKZrIiMsMREm7IqpgR3+curpH1Zc+u1+sNVtXFb1FGGEziFc3DhGhpwD01oAYEJPMMrvFmZ9WK9Wx+L0ZJV7BzDH1ifP/R0k0A=</latexit>

10 rS
<latexit sha1_base64="Pf37JW1sKl9TBN9+DAzszCdvE+s=">AAAB+3icbVC7TsMwFHV4lvIKZWSxqJAYUJUAKowVLIxF0IfUhMhxndaq7US2g6ii/AoLAwix8iNs/A1O2wFajmTp6Jx7dY9PmDCqtON8W0vLK6tr66WN8ubW9s6uvVdpqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrgu/80ikorG41+OE+BwNBI0oRtpIgV1xnYcz70QGHkd6KHl2lwd21ak5E8BF4s5IFczQDOwvrx/jlBOhMUNK9Vwn0X6GpKaYkbzspYokCI/QgPQMFYgT5WeT7Dk8MkofRrE0T2g4UX9vZIgrNeahmSwSqnmvEP/zeqmOLv2MiiTVRODpoShlUMewKAL2qSRYs7EhCEtqskI8RBJhbeoqmxLc+S8vkvZpza3X6rfn1cbVrI4SOACH4Bi44AI0wA1oghbA4Ak8g1fwZuXWi/VufUxHl6zZzj74A+vzByOok+U=</latexit>

103 rS
<latexit sha1_base64="4XgPbkjsH3RGc5w3RjbgbBLiC3w=">AAAB+3icbVC7TsMwFHV4lvIKZWSxqJAYUJUgKIwVLIxF0IfUhMhxndaq7US2g6ii/AoLAwix8iNs/A1O2wFajmTp6Jx7dY9PmDCqtON8W0vLK6tr66WN8ubW9s6uvVdpqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrgu/80ikorG41+OE+BwNBI0oRtpIgV1xnYdz70QGHkd6KHl2lwd21ak5E8BF4s5IFczQDOwvrx/jlBOhMUNK9Vwn0X6GpKaYkbzspYokCI/QgPQMFYgT5WeT7Dk8MkofRrE0T2g4UX9vZIgrNeahmSwSqnmvEP/zeqmOLv2MiiTVRODpoShlUMewKAL2qSRYs7EhCEtqskI8RBJhbeoqmxLc+S8vkvZpza3X6rdn1cbVrI4SOACH4Bi44AI0wA1oghbA4Ak8g1fwZuXWi/VufUxHl6zZzj74A+vzBybMk+c=</latexit>

105 rS

<latexit sha1_base64="5I4GG/S/9sQ/hiZq5jb0cZ4fE10="></latexit>Z rsp

0

4⇡r2⇢NFW(r) dr = �MBH

Angular momentum  and radial action  are preserved,  
allowing us to map between initial and final DM energy .

L I
ℰ

<latexit sha1_base64="VxYW33LNa6Uzug7fw30uqFByfPo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQi1WXRjcsK9gFJKJPppB06mQwzEzGE+ituXCji1g9x5984bbPQ1gMXDufcy733RIJRpV3326qsrW9sblW3azu7e/sH9uFRV6WZxKSDU5bKfoQUYZSTjqaakb6QBCURI71ocjPzew9EKprye50LEiZoxGlMMdJGGth1P4iIRjBAQsj0EbqOFw7shuu4c8BV4pWkAUq0B/ZXMExxlhCuMUNK+Z4rdFggqSlmZFoLMkUEwhM0Ir6hHCVEhcX8+Ck8NcoQxqk0xTWcq78nCpQolSeR6UyQHqtlbyb+5/mZjq/CgnKRacLxYlGcMahTOEsCDqkkWLPcEIQlNbdCPEYSYW3yqpkQvOWXV0n33PGaTvPuotG6LuOogmNwAs6ABy5BC9yCNugADHLwDF7Bm/VkvVjv1seitWKVM3XwB9bnD02ak+k=</latexit>

[� ⇡ 0.1]

DM orbits contract, leading to 
steep ‘spike’ density profile: 

Radial Action:

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/1305.2619
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Dark Matter Mounds

[Bertone et al. (including BJK), 2404.08731]

[Dunn et al., 1803.01007]

NFW Dark Matter Halo  
at high redshift z ≳ 15 Supermassive ‘star’ Direct Collapse Black Hole 

+ Dense DM Spike/Mound

mDCBH ∼ 103 − 105 M⊙

*Precise details of formation affect slope 
 and density of DM very close to BH

[Caiozzo et al. (including BJK), 2512.09985]

The BH may experience subsequent 
growth to become supermassive

https://arxiv.org/abs/2404.08731
https://arxiv.org/abs/1803.01007
https://arxiv.org/abs/2512.09985
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Dark Matter Mounds
<latexit sha1_base64="6v006ECpAaTn/RXeaaohXUkb68k=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSElEqxuh1E03QgX7gCaGyWTaDp1kwsxEKKErN/6KGxeKuPUb3Pk3TtostPXAhcM593LvPX7MqFSW9W0sLC4tr6wW1orrG5tb2+bObkvyRGDSxJxx0fGRJIxGpKmoYqQTC4JCn5G2P7zO/PYDEZLy6E6NYuKGqB/RHsVIackzD248J0RqIMK0Vh/DK2hb9+fOiVZ5wJVnlqyyNQGcJ3ZOSiBHwzO/nIDjJCSRwgxJ2bWtWLkpEopiRsZFJ5EkRniI+qSraYRCIt108sYYHmklgD0udEUKTtTfEykKpRyFvu7MTpazXib+53UT1bt0UxrFiSIRni7qJQwqDrNMYEAFwYqNNEFYUH0rxAMkEFY6uaIOwZ59eZ60Tst2pVy5PStVa3kcBbAPDsExsMEFqII6aIAmwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w8cE5ei</latexit>

MBH = 105 M�

[Caiozzo et al. (including BJK), 2512.09985]

https://arxiv.org/abs/2512.09985
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Dark Matter Mounds
<latexit sha1_base64="6v006ECpAaTn/RXeaaohXUkb68k=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSElEqxuh1E03QgX7gCaGyWTaDp1kwsxEKKErN/6KGxeKuPUb3Pk3TtostPXAhcM593LvPX7MqFSW9W0sLC4tr6wW1orrG5tb2+bObkvyRGDSxJxx0fGRJIxGpKmoYqQTC4JCn5G2P7zO/PYDEZLy6E6NYuKGqB/RHsVIackzD248J0RqIMK0Vh/DK2hb9+fOiVZ5wJVnlqyyNQGcJ3ZOSiBHwzO/nIDjJCSRwgxJ2bWtWLkpEopiRsZFJ5EkRniI+qSraYRCIt108sYYHmklgD0udEUKTtTfEykKpRyFvu7MTpazXib+53UT1bt0UxrFiSIRni7qJQwqDrNMYEAFwYqNNEFYUH0rxAMkEFY6uaIOwZ59eZ60Tst2pVy5PStVa3kcBbAPDsExsMEFqII6aIAmwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w8cE5ei</latexit>

MBH = 105 M�

[Caiozzo et al. (including BJK), 2512.09985] [Bertone et al. (including BJK), 2404.08731]

https://arxiv.org/abs/2512.09985
https://arxiv.org/abs/2404.08731
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Feedback

r2
<latexit sha1_base64="s1e16kYsqY77ItgbVrjI+AG2yH8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqqXqRghePFe0HtKFstpt26WYTdjdCCf0JXjwo4tVf5M1/4yYNotYHA4/3ZpiZ50WcKW3bn1ZhZXVtfaO4Wdra3tndK+8fdFQYS0LbJOSh7HlYUc4EbWumOe1FkuLA47TrTa9Tv/tApWKhuNeziLoBHgvmM4K1ke7ksDYsV+yqnQEtEycnFcjRGpY/BqOQxAEVmnCsVN+xI+0mWGpGOJ2XBrGiESZTPKZ9QwUOqHKT7NQ5OjHKCPmhNCU0ytSfEwkOlJoFnukMsJ6ov14q/uf1Y+1fuAkTUaypIItFfsyRDlH6NxoxSYnmM0MwkczcisgES0y0SaeUhXCZovH98jLp1KrOWbV+W680r/I4inAEx3AKDpxDE26gBW0gMIZHeIYXi1tP1qv1tmgtWPnMIfyC9f4FG/aNzw==</latexit>

bmax
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Follow semi-analytically the phase space 
distribution of DM:

Compact object scatters with all DM particles 
within ‘torus’ of influence over one orbit

Each particle receives a ‘kick’  
through gravitational scattering

E = �(r) � 1

2
v2

<latexit sha1_base64="QqGosv+mkhoAFB3L+PP9EcoNfCM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqwpJUQTdKQQSXFewDmlgm00k7dDIJM5NCCfkCN/6KGxeKuHXtzr9x0mahrQdmOJxzL/fe40WMSmVZ38bS8srq2npho7i5tb2za+7tt2QYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja4zvz0mQtKQ36tJRNwADTj1KUZKSz2z7ARIDTFiyU166TQkrYjjE8cXCCd2mtRSOH7Qf88sWVVrCrhI7JyUQI5Gz/xy+iGOA8IVZkjKrm1Fyk2QUBQzkhadWJII4REakK6mHAVEusn0nBSWtdKHfij04wpO1d8dCQqknASersyWl/NeJv7ndWPlX7gJ5VGsCMezQX7MoAphlg3sU0GwYhNNEBZU7wrxEOkslE6wqEOw509eJK1a1T6t1u7OSvWrPI4COARHoAJscA7q4BY0QBNg8AiewSt4M56MF+Pd+JiVLhl5zwH4A+PzB2iOm64=</latexit>

E � E + �E
<latexit sha1_base64="/LUEXErvx0YkhK+7T6ZmazyCBS0=">AAACIXicbZDJSgNBEIZ7XGPcRj16aQyCIISZKJiTBFTwGMEskAmhptNJmvQsdNcoYcirePFVvHhQJDfxZewsh5j4Q8PPV1V01e/HUmh0nG9rZXVtfWMzs5Xd3tnd27cPDqs6ShTjFRbJSNV90FyKkFdQoOT1WHEIfMlrfv9mXK89caVFFD7iIObNALqh6AgGaFDLLnoBYI+BTO+G1FOi20NQKnqm8/ycerdcIszDlp1z8s5EdNm4M5MjM5Vb9shrRywJeIhMgtYN14mxmYJCwSQfZr1E8xhYH7q8YWwIAdfNdHLhkJ4a0qadSJkXIp3Q+YkUAq0HgW86xyvqxdoY/ldrJNgpNlMRxgnykE0/6iSSYkTHcdG2UJyhHBgDTAmzK2U9UMDQhJo1IbiLJy+baiHvXuQLD5e50vUsjgw5JifkjLjkipTIPSmTCmHkhbyRD/JpvVrv1pc1mrauWLOZI/JH1s8v3d+j6g==</latexit>

f =
dN

d3r d3v
� f(E)

<latexit sha1_base64="iVnUdNVmSFvyyev1jKow+e3Hglc="></latexit>

Reconstruct density from 
distribution function: 
�(r) =

�
d3vf(E)

<latexit sha1_base64="JE4mkH1K3L9LCMXtpaZeXSXt3dk=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VoNyXRgG6UggguK9gHNLFMppN26OTBzKRQQn7Ejb/ixoUiLtyIf+MkzUJbDwycOfde7rnHjRgV0jC+tdLK6tr6RnmzsrW9s7un7x90RBhzTNo4ZCHvuUgQRgPSllQy0os4Qb7LSNedXGf17pRwQcPgXs4i4vhoFFCPYiSVNNAtm4/DGq/DS2jTQELbR3LM/WSYPpzl3PWSaQq9Wv7BiCU3aX2gV42GkQMuE7MgVVCgNdA/7WGIY58EEjMkRN80IukkiEuKGUkrdixIhPAEjUhf0QD5RDhJfl0KT5QyhF7I1VMOc/X3RIJ8IWa+qzozj2Kxlon/1fqx9C6chAZRLEmA54u8mEEZwiwqOKScYMlmiiDMqfIK8RhxhKUKtKJCMBdPXiad04ZpNaw7q9q8KuIogyNwDGrABOegCW5BC7QBBo/gGbyCN+1Je9HetY95a0krZg7BH2hfP70sobo=</latexit>

[Code available online: github.com/bradkav/HaloFeedback] [BJK, Nichols, Gaggero, Bertone, 2002.12811]

https://github.com/bradkav/HaloFeedback
https://arxiv.org/abs/2002.12811
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Feedback

“Strength” of feedback scales 
roughly as q2 = (m2/m1)2

Size of the dephasing 
effect is reduced from 

 to .𝒪(1) 𝒪(1%)

Find that the density of the DM 
spike is depleted (and 

replenished…)
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N-body Simulations
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<latexit sha1_base64="qSluaidCSq7xCjvF6QnAt515izs=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsxIUVdS0IUboaJ9QGcYMmmmDU0yQ5IRyzC/4saFIm79EXf+jZm2C209EDiccy/35IQJo0o7zrdVWlldW98ob1a2tnd29+z9akfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcHxV+N1HIhWNxYOeJMTnaChoRDHSRgrsqndPhxwFHkd6JHl2fZsHds2pO1PAZeLOSQ3M0QrsL28Q45QToTFDSvVdJ9F+hqSmmJG84qWKJAiP0ZD0DRWIE+Vn0+w5PDbKAEaxNE9oOFV/b2SIKzXhoZksIqpFrxD/8/qpji78jIok1UTg2aEoZVDHsCgCDqgkWLOJIQhLarJCPEISYW3qqpgS3MUvL5POad09qzfuGrXm5byOMjgER+AEuOAcNMENaIE2wOAJPINX8Gbl1ov1bn3MRkvWfOcA/IH1+QMeF5R+</latexit>

⌃DM

<latexit sha1_base64="tHhyn4U3oabxHIZoT4G2vAj2Mc8=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjpbpRCrpwo1SwD2jHIZOmbWiSGZKMUIfir7hxoYhb/8Odf2OmnYW2HggczrmXe3KCiFGlHefbyi0sLi2v5FcLa+sbm1v29k5DhbHEpI5DFspWgBRhVJC6ppqRViQJ4gEjzWB4kfrNByIVDcWdHkXE46gvaI9ipI3k23s3focjPZA8ubwewzPoOvcV3y46JWcCOE/cjBRBhppvf3W6IY45ERozpFTbdSLtJUhqihkZFzqxIhHCQ9QnbUMF4kR5yST9GB4apQt7oTRPaDhRf28kiCs14oGZTJOqWS8V//Pase6degkVUayJwNNDvZhBHcK0CtilkmDNRoYgLKnJCvEASYS1KaxgSnBnvzxPGsclt1Iq35aL1fOsjjzYBwfgCLjgBFTBFaiBOsDgETyDV/BmPVkv1rv1MR3NWdnOLvgD6/MHnJ2UBQ==</latexit>

NDM = 106

Eventually need to expand and verify our description of dynamical friction and feedback in 
the DM spike

NbodyIMRI: Newtonian N-body solver 
tailored to DM spikes.  
 
 
 
 
 
 
 
Neglect GW emission and ignore DM-DM 
interparticle forces.  

Focus on understanding co-evolution of 
spike and binary.

[Code here: github.com/bradkav/NbodyIMRI]
[BJK et al., 2402.13762]

[See also Mukherjee et al., 2312.02275]

https://github.com/bradkav/NbodyIMRI
https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2312.02275


41

N-body Simulations

But N-body simulations are VERY slow!

<latexit sha1_base64="SdekFtBtIFFd0i/sFGwTwYCNJWg="></latexit>

�E =

Z �t

0

@ 

@t
dt

Close  
encounters

3-body ‘stirring’

<latexit sha1_base64="nnyCnecMe2hKbp1blq1Vh05aGh4=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUlEqhuh+ACXFewDmlAm00k7dPJg5kYoof/gxl9x40IRt27c+TdO2iy09cCFwzn3cu89Xiy4Asv6NhYWl5ZXVgtrxfWNza1tc2e3qaJEUtagkYhk2yOKCR6yBnAQrB1LRgJPsJY3vMr81gOTikfhPYxi5gakH3KfUwJa6prHzjUTQLATEBhQItKbMb7A82LZO+qaJatiTYDniZ2TEspR75pfTi+iScBCoIIo1bGtGNyUSOBUsHHRSRSLCR2SPutoGpKAKTed/DTGh1rpYT+SukLAE/X3REoCpUaBpzuzK9Wsl4n/eZ0E/HM35WGcAAvpdJGfCAwRzgLCPS4ZBTHShFDJ9a2YDogkFHSMRR2CPfvyPGmeVOxqpXp3Wqpd5nEU0D46QGVkozNUQ7eojhqIokf0jF7Rm/FkvBjvxse0dcHIZ/bQHxifP2JynTw=</latexit>

�E = �E(b)

N-body simulations revealed an additional feedback effect…
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Monte Carlo Simulations [Scarcella & BJK, 2510.11635, and in prep.]

<latexit sha1_base64="ybmH2GVHOZzXhps7IoelnAsaOgE=">AAAB/nicdVBLSwMxGMzWV62vVfHkJViECrLslrrd3ooiePBQwdpCuyzZNG1Dsw+SrFCXgn/FiwdFvPo7vPlvzLYVVHRIYJj5PjIZP2ZUSNP80HILi0vLK/nVwtr6xuaWvr1zI6KEY9LEEYt420eCMBqSpqSSkXbMCQp8Rlr+6CzzW7eECxqF13IcEzdAg5D2KUZSSZ6+V+oGSA4xYun55BhequPdHXl60TQqNdt0LKhIueqc1BQpV6q2U4OWYU5RBHM0PP2924twEpBQYoaE6FhmLN0UcUkxI5NCNxEkRniEBqSjaIgCItx0Gn8CD5XSg/2IqxtKOFW/b6QoEGIc+Goyyyp+e5n4l9dJZN9xUxrGiSQhnj3UTxiUEcy6gD3KCZZsrAjCnKqsEA8RR1iqxgqqhK+fwv/JTdmwbMO+qhTrp/M68mAfHIASsEAV1MEFaIAmwCAFD+AJPGv32qP2or3ORnPafGcX/ID29gm2vZS4</latexit>

(E , L, Lz)

Phase-space Monte Carlo simulations, in which we track integrals of motion of DM particles .  (ℰ, L, Lz)

0 2500 5000 7500 10000 12500
Norb
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100

Ω(
r 2

)/
Ω i

(r
2
)

(m1, m2) = (10, 0.15) MØ

NbodyIMRI

MC

r2 = 10−7 pc

At each orbit of the binary, we apply a kick 
 due to close encounters (‘dynamical 

friction’) and due to 3-body effects (‘stirring’). 
(Δℰ, ΔL, ΔLz)

Can now self-consistently track 
the DM spike evolution!

https://arxiv.org/abs/2510.11635
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Distinguishing astro from PBH spikes [Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]

We may be able to 
distinguish different 

shapes of spike  

→ Different DM 
models and 
formation 

mechanisms!

https://arxiv.org/abs/2108.04154
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Primordial Power Spectra? [Franciolini et al., 2209.05959] 

https://arxiv.org/abs/2209.05959
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Environmental Confusion

Generate waveform  
assuming:

Fit signal assuming:

<latexit sha1_base64="YO+W8EJrtFISuTHtt+Q7cYt4534=">AAAB+3icbVDLSsNAFJ3UV62vWpduBovgqiQi6rKoCzdCBfuAJpSb6aQdOpmEmYlYQn7FjQtF3Poj7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbO7V92vdVSUSELbJOKR7PmgKGeCtjXTnPZiSSH0Oe36k+vc7z5SqVgkHvQ0pl4II8ECRkAbaVCtuTeUa8BuCHpMgKd32aBatxv2DHiZOAWpowKtQfXLHUYkCanQhINSfceOtZeC1IxwmlXcRNEYyARGtG+ogJAqL51lz/CxUYY4iKR5QuOZ+nsjhVCpaeibyTyiWvRy8T+vn+jg0kuZiBNNBZkfChKOdYTzIvCQSUo0nxoCRDKTFZMxSCDa1FUxJTiLX14mndOGc944uz+rN6+KOsroEB2hE+SgC9REt6iF2oigJ/SMXtGblVkv1rv1MR8tWcXOAfoD6/MHxV6USQ==</latexit>

�M
<latexit sha1_base64="lHaNZVqypgnutbE2dtC534vAjzk=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIRdVl047KCfUATws100g6dmYSZiVhCf8WNC0Xc+iPu/BsnbRbaemDgcM693DMnShlV2nW/rcra+sbmVnW7trO7t39gH9a7KskkJh2csET2I1CEUUE6mmpG+qkkwCNGetHktvB7j0QqmogHPU1JwGEkaEwxaCOFdt0fAecQ+hz0WPJcpbPQbrhNdw5nlXglaaAS7dD+8ocJzjgRGjNQauC5qQ5ykJpiRmY1P1MkBTyBERkYKoATFeTz7DPn1ChDJ06keUI7c/X3Rg5cqSmPzGQRUS17hfifN8h0fB3kVKSZJgIvDsUZc3TiFEU4QyoJ1mxqCGBJTVYHj0EC1qauminBW/7yKumeN73L5sX9RaN1U9ZRRcfoBJ0hD12hFrpDbdRBGD2hZ/SK3qyZ9WK9Wx+L0YpV7hyhP7A+fwC4eJTm</latexit>�sp

<latexit sha1_base64="hrUX3PxVMJHIPAlz2atug3EuLD4=">AAACEXicbVDLSsNAFJ34rPUVdekmWIQuSk20VpdFN26ECvYBTRomk2k7dJIJMxOhhPyCG3/FjQtF3Lpz5984abPQ1gMXDufcy733eBElQprmt7a0vLK6tl7YKG5ube/s6nv7bcFijnALMcp414MCUxLiliSS4m7EMQw8ijve+DrzOw+YC8LCezmJsBPAYUgGBEGpJFcv23zE3Lpd6VlmP7HOU7ty69rMZ/LEDqAc8SCJUNo/c1y9ZFbNKYxFYuWkBHI0Xf3L9hmKAxxKRKEQakEknQRySRDFadGOBY4gGsMh7ikawgALJ5l+lBrHSvGNAeOqQmlM1d8TCQyEmASe6syuFPNeJv7n9WI5uHQSEkaxxCGaLRrE1JDMyOIxfMIxknSiCEScqFsNNIIcIqlCLKoQrPmXF0n7tGrVq7W7WqlxlcdRAIfgCJSBBS5AA9yAJmgBBB7BM3gFb9qT9qK9ax+z1iUtnzkAf6B9/gAMa5yR</latexit>

⇢6 [10
15 M�/pc

3]

<latexit sha1_base64="hrUX3PxVMJHIPAlz2atug3EuLD4=">AAACEXicbVDLSsNAFJ34rPUVdekmWIQuSk20VpdFN26ECvYBTRomk2k7dJIJMxOhhPyCG3/FjQtF3Lpz5984abPQ1gMXDufcy733eBElQprmt7a0vLK6tl7YKG5ube/s6nv7bcFijnALMcp414MCUxLiliSS4m7EMQw8ijve+DrzOw+YC8LCezmJsBPAYUgGBEGpJFcv23zE3Lpd6VlmP7HOU7ty69rMZ/LEDqAc8SCJUNo/c1y9ZFbNKYxFYuWkBHI0Xf3L9hmKAxxKRKEQakEknQRySRDFadGOBY4gGsMh7ikawgALJ5l+lBrHSvGNAeOqQmlM1d8TCQyEmASe6syuFPNeJv7n9WI5uHQSEkaxxCGaLRrE1JDMyOIxfMIxknSiCEScqFsNNIIcIqlCLKoQrPmXF0n7tGrVq7W7WqlxlcdRAIfgCJSBBS5AA9yAJmgBBB7BM3gFb9qT9qK9ax+z1iUtnzkAf6B9/gAMa5yR</latexit> ⇢ 6
[1
01

5
M

�
/p

c3
]

<latexit sha1_base64="lHaNZVqypgnutbE2dtC534vAjzk=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIRdVl047KCfUATws100g6dmYSZiVhCf8WNC0Xc+iPu/BsnbRbaemDgcM693DMnShlV2nW/rcra+sbmVnW7trO7t39gH9a7KskkJh2csET2I1CEUUE6mmpG+qkkwCNGetHktvB7j0QqmogHPU1JwGEkaEwxaCOFdt0fAecQ+hz0WPJcpbPQbrhNdw5nlXglaaAS7dD+8ocJzjgRGjNQauC5qQ5ykJpiRmY1P1MkBTyBERkYKoATFeTz7DPn1ChDJ06keUI7c/X3Rg5cqSmPzGQRUS17hfifN8h0fB3kVKSZJgIvDsUZc3TiFEU4QyoJ1mxqCGBJTVYHj0EC1qauminBW/7yKumeN73L5sX9RaN1U9ZRRcfoBJ0hD12hFrpDbdRBGD2hZ/SK3qyZ9WK9Wx+L0YpV7hyhP7A+fwC4eJTm</latexit> � s
p

2.33
2.37

2.41
2.29

2.25

2.33
2.37
2.41

2.29

2.25

0.00
0.15

0.30
0.45

0.600.00
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<latexit sha1_base64="hIgVGm0DjilLF2SMVXOZTvJYBaQ=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAoIqXM1KJulIIbN0IFe4HOOGTStA1NJkOSEcrQd3Djq7hxoYhbN+58G9N2Ftr6Q+DnO+dwcv4gYlRp2/62MguLS8sr2dXc2vrG5lZ+e6ehRCwxqWPBhGwFSBFGQ1LXVDPSiiRBPGCkGQyuxvXmA5GKivBODyPicdQLaZdipA3y88fcd+DhBXTs+xO3eOO7oiO06+a4X55g6BZhSv18wS7ZE8F546SmAFLV/PyX2xE45iTUmCGl2o4daS9BUlPMyCjnxopECA9Qj7SNDREnyksmN43ggSEd2BXSvFDDCf09kSCu1JAHppMj3VeztTH8r9aOdffcS2gYxZqEeLqoGzOoBRwHBDtUEqzZ0BiEJTV/hbiPJMLaxJgzITizJ8+bRrnknJYqt5VC9TKNIwv2wD44Ag44A1VwDWqgDjB4BM/gFbxZT9aL9W59TFszVjqzC/7I+vwBoxaaRg==</latexit>

m1 = 103 M�

m2 = 1M�

[Cole, Bertone, Coogan, Gaggero, Karydas, BJK, Spieksma, 
Tomaselli, 2211.01362, Nature Astronomy]

Signals very hard to confuse in 1 year of 
LISA data (huge Bayes factors!)

https://arxiv.org/abs/2211.01362
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Dark Matter in the Galactic Center
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Similar calculations could be  
applied to extra-galactic SMBHs.

[Karydas et al. (including BJK), 2606.13761]

https://arxiv.org/abs/2606.13761

